in the broad areas of CHD-related heart failure, vascular disease and multisystem complications. High-priority subtopics identified included heart failure in tetralogy of Fallot, mechanical circulatory support/transplantation, sudden cardiac death, vascular outcomes in coarctation of the aorta, late outcomes in single ventricle disease, cognitive and psychiatric issues, and pregnancy.
Keywords single ventricle; death; sudden; cardiac; heart defects; congenital; outcomes; pregnancy; tetralogy of Fallot Congenital heart disease (CHD) is the most common birth defect in the United States, affecting approximately 0.8% of live births (1) . Improved treatment strategies and interventions have increased survival such that 85% to 90% of affected children are expected to live well into adulthood (2, 3) , thereby causing a demographic shift in which adults now outnumber children with CHD, and more people with complex CHD are living longer (4, 5) . Although significant resources have been dedicated to characterizing and improving neonatal and childhood survival, little information is available regarding survival, demographics, long-term outcomes, and comorbidities in the adult CHD (ACHD) population in the United States.
Challenges to developing evidenced-based care for ACHD include the heterogeneity of conditions, lack of infrastructure in the United States to track prevalence, fragmented care systems, loss to follow-up, and changes in treatment strategies over time. Heterogeneity in CHD conditions results in small numbers of adults with CHD from which to derive guidelines, and necessitates multicenter approaches to understanding their needs. As there are no longitudinal registries for CHD in the United States, population estimates of survival are based upon birth rates and estimated survival rates for various CHD conditions among children born in different eras (6, 7) . Although natural history studies were performed for common conditions, few have been conducted in the recent era of improved surgical and catheter-based interventions (8) . Fragmented health care systems and high rates of loss to follow-up also pose challenges for following ACHD patients across changing geographic locations, and limit our understanding of the natural history of disease and emerging needs of the ACHD population.
Treatment strategies have changed over time; therefore, outcomes and survival may differ depending on the era of birth. For example, until the 1980s, the preferred surgical approach for d-loop transposition of the great arteries was the atrial switch operation (Mustard or Senning procedure); more recently, the arterial switch operation has become the preferred surgical technique. These 2 operations result in very different anatomy and sequelae. After the atrial switch, patients may experience heart failure (HF) due to systemic right ventricular and atrial arrhythmias (9,10), whereas after arterial switch, patients require monitoring for supravalvar pulmonary stenosis, aortic root dilation, and coronary abnormalities related to surgical manipulation (11, 12) . Another example of a temporal treatment change is the increasing use of catheter-based techniques for conditions that previously required surgery, including closure of secundum atrial septal defects, balloon dilation and stenting of coarctation of the aorta, and pulmonary valve replacement (PVR).
ACHD patients face not only the long-term sequelae of their cardiac procedures, but also the additive complexities of typical adult comorbidities, such as hypertension and diabetes. Moreover, psychosocial issues, including neurocognitive outcomes, reproductive health, social relationships, health insurability, and employment are understudied and likely impact health and quality of life.
Clinicians struggle to care for this evolving group of patients with few long-term outcomes studies. Since 1998, guidelines for "Care of the Adult CHD Patient" have been created in Canada, Europe, and the United States (13) (14) (15) (16) (17) . Due to the fact that large cohort, mechanistic, and prospective ACHD research studies have been lacking, most recommendations remain level of evidence C, on the basis of expert opinion. Although the American College of Cardiology/American Heart Association valve disease and HF guidelines are based upon higher levels of evidence, their recommendations are often extrapolated to ACHD, and there are sparse data to suggest that acquired and congenital conditions would respond similarly to treatments. The paucity of high-quality evidence poses a real threat to the health and well-being of this growing population.
In 2004, the National Heart, Lung and Blood Institute (NHLBI) convened a Working Group on ACHD research and outlined a 3-part research strategy: the development of a multicenter ACHD research network; the creation of data infrastructure necessary for a national ACHD patient registry; and better definition of high-impact research areas (18) . Over the past decade, significant progress has been made toward these goals (19) (20) (21) , due to the support of advocacy groups and federal agencies, increased training of ACHD clinician-scientists, and volunteerism of professionals and societies. The Alliance for Adult Research in Congenital Cardiology (22) , a research network of investigators from 15 centers, was created in 2006 (19) . The network has completed 2 National Institutes of Health-funded research studies and has 1 ongoing; the group has published multiple papers in peer-reviewed journals (23, 24) . Working with the Adult Congenital Heart Association (ACHA), the Alliance for Adult Research in Congenital Cardiology surveyed international ACHD providers to identify research priorities in the field. Although progress has been made in ACHD research, the field is still lacking high-quality, robust evidence to support clinical recommendations, and a sustainable infrastructure is not in place for large-scale comparative data collection and research.
Working Group
As a follow-up to the 2004 meeting, the NHLBI and ACHA convened a Working Group in June 2014 with a targeted focus on the science. The Working Group was designed to identify high-priority research topics, discuss methodological approaches for application to the unique challenges of studying ACHD, and foster collaborative relationships between ACHD and other complementary fields of research. It was not the mission of the group to promote a specific research project, but rather to stimulate ideas and innovative methodology by combining knowledge from multiple domains.
congenital cardiac surgery, genomics, basic science, clinical trials, epidemiology, outcomes research, and population science. The group included experts from the United States and Canada, and incorporated representatives from the NHLBI's Pediatric Heart Network, Heart Failure Network, and Pediatric Cardiac Genomics Consortium, as well as the Centers for Disease Control and Prevention. The group also included a representative from the ACHA, recognizing the importance of the patient perspective in research efforts.
On the basis of expert opinion and published research priorities in CHD (20,21), 3 broad high-impact areas were identified: HF; vascular disease; and multisystem complications. The first interest area involved understanding the pathophysiology of and optimizing management strategies for HF in CHD, a common problem that will continue to grow as the ACHD population ages. Another area of interest was ventricular-vascular interactions and the long-term implications of abnormal loading on functional outcomes. A third area of interest was mechanisms of shared systemic responses between the abnormal heart/ circulation and other organ systems, and how those responses contribute to outcomes.
On the basis of these topic areas, participants were divided into 3 groups composed of ACHD researchers and researchers from related fields. Groups were challenged to narrow each broad topic to specific research subtopics and discuss methodologies to address each question (Central Illustration). The research areas discussed at the Working Group were not exhaustive, and a full list of high-priority research questions is beyond the scope of this document. The diverse expertise of the participants fostered dialogue about novel methods of patient engagement, existing resources to be leveraged, science with high translational potential, and lessons learned from related research fields that could be applied to ACHD.
High-Impact Research Areas
Heart Failure HF is a clinical syndrome that occurs in patients who, because of an inherited or acquired abnormality of cardiac structure and/or function, develop a constellation of symptoms (dyspnea and fatigue) and signs (edema and rales) that lead to frequent hospitalizations, poor quality of life, and a shortened life expectancy. In acquired heart disease, HF often refers to systolic dysfunction of the systemic left ventricle (HF with reduced ejection fraction), although HF with preserved ejection fraction is increasingly recognized as a common cause of HF. In CHD, HF refers to signs and symptoms reflecting systolic dysfunction of the systemic ventricle, which can be a left or right ventricle in either a biventricular or singleventricle circulation. HF is also used to describe subpulmonary ventricular dysfunction, similar to typical "right-sided HF." The manifestations of CHD-associated HF may differ from typical HF, and treatment strategies may not be similarly effective. Although many HF topics, including resynchronization therapy, the systemic right ventricle, and medication efficacy, are of great interest in ACHD, time constraints did not allow the Working Group to address all of these issues. The Group identified 3 HF-related priority subtopics: HF in tetralogy of Fallot (TOF); mechanical circulatory support (MCS)/transplantation; and sudden cardiac death (SCD).
Heart Failure in Tetralogy of Fallot-TOF is the most common cyanotic congenital heart lesion. As treatments have been available since the 1940s, there are now a large number of adults with TOF. Surgical interventions frequently result in residual pulmonary regurgitation that, over time, can lead to right ventricular enlargement and dysfunction, and can predispose to HF, arrhythmias, and SCD (25, 28) . Pulmonary regurgitation can be ameliorated with PVR, and this has been shown to decrease right ventricular size and pulmonary regurgitation fraction, but has not yet been correlated with improved clinical outcomes (29, 30) . However, the studies addressing outcomes after PVR have been small and with inherent selection bias.
PVR can be performed surgically or as a catheter-based intervention, and the combined set of these procedures comprise one of the most common interventions performed in ACHD. However, the optimal timing of and selection criteria for PVR are yet to be determined. The group discussed potential ways to address this subtopic, including reviews of single or combined multicenter registries of TOF patients or via a prospective randomized controlled trial. Cohort approaches have inherent limitations, as retrospective registries may not contain the necessary data and prospective registries may require many years to assess outcomes. A randomized clinical trial would have the potential to answer clinically meaningful questions, but developing an appropriate study design that would achieve equipoise for doctors and patients to allow adequate enrollment is challenging.
Mechanical Circulatory Support and Heart Transplantation-Although the experience with advanced HF treatments in ACHD is limited, it is likely that different approaches from those used in acquired heart disease will be needed. Applying MCS to CHD presents anatomic challenges, including systemic right ventricles, single ventricles, dextrocardia, and vascular reconstruction of major arteries. Transplant and transplant candidacy can be affected by similar anatomic issues, as well as by antibodies from prior procedures, immune status, and fairly well-preserved New York Heart Association class and functional abilities, despite a failing heart. In the United States, CHD patients have a high waitlist mortality rate relative to other candidates, likely due, in part, to current limitations in applying MCS to CHD (31) . MCS as destination therapy is emerging for the non-CHD population, and as devices become smaller, they may be better suited for CHD. MCS may be a way to improve outcomes or quality of life in ACHD patients when transplant is not an option (32, 33) .
There are approximately 1,800 CHD patients in the International Society for Heart and Lung Transplant registry, and the relative number of patients with CHD continues to increase (33) . As patients with CHD survive longer, we can expect larger numbers with HF and an increasing need for MCS and/or transplantation. Available data suggests that patients with CHD have a higher 1-year post-transplant mortality than non-CHD patients, but survival after 1 year is excellent (median survival >20 years) (34) . Exploring the causes of increased 1-year mortality, but greater longer-term survival in CHD will be crucial to improving outcomes and evaluating types and timing of interventions. Additionally, the United Network for Organ Sharing listing criteria may leave some ACHD patients at a disadvantage, as the current system is on the basis of the need for hemodynamic support or MCS, which may not be beneficial or possible in some ACHD patients. Therefore, clarifying how ACHD patients fit into the listing criteria is also of critical importance. The Interagency Registry for Mechanically Assisted Circulatory Support and the International Society for Heart and Lung Transplant registry could be leveraged to address these questions.
Sudden Cardiac Death-SCD accounts for approximately one-quarter of ACHD deaths identified from limited individual datasets (35) . Specific lesions are thought to predispose to SCD, including TOF and d-loop transposition with an atrial switch procedure; however, SCD can occur across diverse defects, including left-sided obstructive lesions and septal defects (36) . Despite the fact that implantable cardioverter defibrillator indications in adult HF are on the basis of evidence from randomized clinical trials, equivalent information is not available to guide primary prevention therapy in ACHD (37) . Although many deaths in CHD are ascribed to SCD, the diversity of underlying conditions and lack of longitudinal CHD registries makes studying potential risk factors difficult. Some CHD lesions, including TOF, have been evaluated for risk of SCD or defibrillator benefit using single-center and retrospective multicenter cohorts (12, 28, 38) . Emerging registries for electrophysiology and defibrillators could be leveraged to explore factors associated with SCD, refine risk stratification schemes, and prospectively assess the use of defibrillators.
Vascular Disease
The Working Group identified a knowledge gap related to ventricular-vascular interactions.
In the ACHD population, coarctation of the aorta is 1 example of a lesion that provides a relevant model for improving our understanding of such interactions.
Prevalence and Risk Factor-Related Outcomes in Coarctation of the Aorta
Coarctation of the aorta is a relatively common congenital anomaly, comprising about 7% of CHD (39, 40) . Current treatments allow for early assessment and intervention, resulting in excellent survival to adulthood for most patients. Prior long-term studies in this population revealed early morbidity and mortality in adulthood related to hypertension, atherosclerosis, and HF (41) . In these cohorts, older age at intervention was a risk factor for worse outcomes. One study on contemporary outcomes shows much improved survival, but continued morbidity related to aortic complications and hypertension (42) . Additional contemporary studies on long-term outcomes in patients with early repairs are lacking.
In the general population, there are well-established prevention and intervention strategies for hypertension and atherosclerotic disease. These conditions have also been identified in adults with coarctation, but the true rates and burden in the larger ACHD population are unknown. Moreover, intervention strategies for hypertension and hyperlipidemia have been adapted from the general adult population, but have not been validated in patients with coarctation. It is possible that coarctation accompanies an underlying vasculopathy that may predispose to hypertension and require different prevention/treatment methods. For example, patients with coarctation are often normotensive at rest, but have exaggerated responses to exercise (43, 44) . It remains unclear if there is any benefit to treating isolated exerciseinduced hypertension in this group. There may also be genetic associations in coarctation that warrant exploration, including bicuspid aortic valve, male sex, and predispositions for acquired cardiovascular risk factors (41, 45) .
Multisystem Complications
The majority of care for children with CHD is focused on the heart and attempts to correct or palliate underlying anatomic abnormalities. Over years of growth and development, other cardiac issues may develop, including arrhythmias and HF. Through adulthood, the focus changes to also include noncardiac comorbidities and adult-onset conditions that interact with the underlying CHD. This concept applies to multiple organ systems, including the hepatic, renal, pulmonary, gastrointestinal, neurological, and reproductive systems. The multisystem group identified 3 high-priority research subtopics: understanding long-term status and other organ involvement in single-ventricle anatomy with Fontan physiology; cognitive and psychiatric issues in ACHD; and pregnancy physiology and outcomes for mother and offspring.
Long-Term Status and Multisystem Involvement in Single-Ventricle Disease-
The adult single-ventricle population accounts for approximately 1.5% of adults with CHD or approximately 20,000 people in the United States (5). Compared with other adults with CHD, the single-ventricle population has increased frequency of inpatient and outpatient visits, earlier mortality, and a relatively higher percentage of health resource use (46, 47) . HF or "Fontan circulatory failure" manifests differently than typical adult HF, is increasingly recognized by the second decade of life, and is often accompanied by diastolic hemodynamic abnormalities. This is generally manifested by decreased functional capacity and increased resource use and hospitalizations. It is also accompanied by changes in other organ systems that affect and are affected by heart function; including the pulmonary, renal, hepatic, and peripheral vascular systems (48) (49) (50) .
Interactions among the noncardiac organ systems in single-ventricle physiology remain unclear. Available clinical and outcomes data come mostly from single-center studies with small numbers and often focus on a single organ system. Some small biological studies have explored organ physiology, such as the gastrointestinal system in protein-losing enteropathy or the respiratory system and mechanics related to functional capacity. There are also case reports, small series, and a few trials assessing outcomes with medications used to improve physiology or hemodynamics, such as anti-inflammatories or pulmonary vasodilators (51, 52) . Gathering clinical and biological data from a multicenter longitudinal cohort would be beneficial in understanding the multiorgan interactions; however, data may be more quickly available from a diverse cross-sectional cohort of patients of different ages. A challenge in this cohort would be the diversity of Fontan modifications that have been performed surgically in different eras and at different patient ages, resulting in different sequelae.
Currently, the Fontan procedure for single-ventricle physiology is the only available treatment pathway to avoid cyanosis for the majority of patients, and it appears to have significant long-term, multiorgan physiological consequences. The adult population of single-ventricle patients will continue to grow, and it is crucial to begin to understand the underlying mechanisms of complications to initiate early treatment and surveillance, or potentially change early treatment pathways to avoid later adverse physiological effects.
Cognitive and Psychiatric Outcomes
Individuals with CHD are at risk of neurodevelopmental and behavioral abnormalities; therefore, screening and early intervention have been recommended by the American Heart Association and American Academy of Pediatrics (53) . The CHD population has an increased incidence of executive function impairments and attention-deficit disorder, among other conditions (53, 54) . As neurodevelopmental screening is relatively new for children with CHD, most current adults with CHD were not evaluated and many conditions may be unrecognized. Post-traumatic stress disorder (PTSD) has also been described in children following cardiac surgery or intensive care unit admissions, and may persist into adulthood (55, 56) .
Multiple small studies in ACHD have described an increased risk for psychiatric conditions, such as loss of executive function and attention, anxiety, depression, and PTSD (56) (57) (58) (59) . These conditions were identified in a variety of CHD lesions, regardless of anatomic complexity. Anxiety, depression, and PTSD are also known to be associated with acquired heart disease and have been related to worse outcomes, including increased hospital readmissions and medication noncompliance (60, 61) .
Pharmacological and nonpharmacological interventions have shown benefit in medical and quality of life outcomes for anxiety, depression, and PTSD in other medical populations and warrant further study in ACHD. The effect of cognitive and psychiatric conditions and structured interventions on outcomes in ACHD has not been reported; thus, it remains unknown if, similar to acquired heart disease, these conditions affect hospital admission rates, adherence to care, or mortality. It is also unknown if cognitive and psychiatric issues identified in childhood will persist into adulthood or cause additional problems, such as social, educational, or employment challenges.
Understanding the prevalence of cognitive function and mental health issues in ACHD patients is a critical first step to improving their functionality, quality of life, and medical care. The development and testing of treatments in a group with a lifelong chronic condition may be different than devising strategies for acquired conditions. With advances in congenital cardiac care in childhood producing an ever-increasing number of survivors to adulthood, optimizing the functionality and quality of life in the ACHD population is of paramount importance.
Pregnancy
The majority of girls born with CHD will survive to childbearing age, and many desire information on the potential impact of pregnancy on their health. Pregnancy is an important issue for the CHD population, as there can be additional risks to the mother and fetus due to the underlying CHD. Although maternal mortality is rare in developed countries, the leading cause is heart disease and the most common etiology is CHD (62). Mortality is rare; however, complications affecting the mother and/or fetus are common. Complications for pregnant women with CHD include hypertension, HF, and arrhythmias, but their prevalence in different forms of CHD is not well understood. Common risks to the fetus include premature birth and low birth weight, but how to identify which women and fetuses are at higher risk remains unclear (63) . The majority of clinical data on pregnant women with CHD come from a small number of ACHD centers in the United States and Canada, and European registries (62) (63) (64) (65) . A few studies use administrative data to evaluate this population, but available clinical and anatomic information is limited. As only a minority of ACHD patients receive care in ACHD specialty centers, little is actually known about pregnancy experience and outcomes for most adults with CHD (66) .
In addition to characterizing outcomes and complications, it is important to understand the physiology of pregnancy in CHD, including not only how the CHD physiology affects the pregnant woman and the fetus, but also how the hemodynamics of pregnancy influence longterm cardiac status in these women. Beyond the physiological concerns of pregnancy, there is also an underlying increased risk of the child being born with CHD due to genetic risk factors.
A large and diverse longitudinal cohort study including biological and genetic information may address short-term questions regarding mother and offspring as well as potentially characterize hemodynamics of the mother and fetus during pregnancy. A longitudinal cohort study design would optimally also recognize the population of women with CHD not cared for in ACHD centers. With electronic medical records, existing national registries, and methods, such as crowd sourcing, it may be possible to reach a patient population outside of ACHD centers in order to gather information about pregnancy, delivery, and maternal and fetal outcomes; however, it will be important to consider the impact of potential selection bias on the basis of who is recruited in such an effort.
Foundational Gaps and Future Directions
One barrier that has hindered research in CHD, and particularly ACHD, was evident to the Working Group: the lack of a basic epidemiological understanding of the CHD population. There are no population-based U.S. data regarding prevalence, demographics, or long-term outcomes of even the most common CHD conditions. For clinical or translational research in CHD, this is a basic and critical need. ACHD research has been limited by studies done in individual centers, small consortia, countries with smaller populations, or by imprecise estimates from larger datasets. Knowledge of clinical outcomes in ACHD consists almost entirely of case series from a limited number of referral-based institutions. For this reason, the generalizability in the United States of any study can be questioned, there is limited ability to design studies using background knowledge of outcomes and event rates, and enrollment in studies will lack adequate power to provide definitive knowledge for practice. Gathering basic information, including anatomic diagnosis, survival, and late comorbidities, and devising a true population-based longitudinal registry may become easier with electronic data resource networks and involvement of advocacy groups to promote patient participation in research. These types of networks may also be able to identify more diverse cohorts to study, rather than those from single referral centers or small consortia. Until these resources are available, understanding the ACHD population in the United States will rely on collaboration with other countries, such as Canada or Denmark, where robust national healthcare information is more easily available.
An additional large research gap in ACHD is biological mechanistic and translational work. Although the NHLBI's Pediatric Cardiac Genomics Consortium and other investigators have been exploring the complex genomics of CHD and its impact on outcomes, there is much more work to be done. There is also a gap in research regarding the biological mechanisms underlying later sequelae of CHD, including HF and vascular biology as they relate to CHD, rather than the typical adult heart. Research in these areas and support of broad-based biological banking in ACHD might greatly improve the understanding of the conditions and complications, as well as identify potential therapeutic targets or preventive strategies.
Many of the topic areas in ACHD research are likely to benefit from a multidisciplinary approach, including submission of investigator-initiated grants, as well as collaborative efforts between existing programs, registries, and databases. The stakeholders might include many of the specialties and organizations represented at the Working Group, such as federal agencies, advocacy organizations, scientists, patients, and providers. Future collaboration between these organizations, other established research groups, and ACHD investigators will facilitate studies to address the high-priority topics and gaps outlined by the Working Group. Progress in addressing the gaps and priority research topics will be assessed over the coming years to identify successful strategies, develop a pipeline of ACHD clinician-scientists, and promote new areas for innovation.
Conclusions
The NHLBI/ACHA Working Group on emerging research questions in ACHD identified priority research topics and fostered collaboration among researchers in complementary areas of cardiology. The diversity of expertise facilitated identification of opportunities for leveraging and collaboration. The discussions highlighted the challenges facing ACHD research, most prominently the lack of a foundational epidemiological understanding of CHD in the United States and its long-term outcomes, and the paucity of mechanistic and translational research in ACHD. The research topics proposed by the Working Group are important areas of focus that will continue to advance the field, with the goal of increasing the evidence base for care and providing a foundation for lasting and meaningful assessment in the future.
